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High-Voltage Breakdown Precluded Completion of
1999 Demonstration Tests of FCC at SCE Substation

• Evaluate extent of damage

• Repair and modify FCC, if feasible

• Perform high-voltage and integrated FCC tests using
Los Alamos 13.7 kV substation

SPI ended and DOE contracted with LANL to:

LANL redesign of HV bus leads to successful 
FCC single-phase tests - June 22, 2002 !!! 
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Research Integration

Los Alamos  (High power tests, HV bus design, power 
       electronics, control, cryogenic engineering)

is collaborating with team members:

• IGC-SuperPower  (HTS coils, high power tests, marketing)

• General Atomics   (Electrical and cryogenic test support)

• Texas Tech University  (HV insulator tests, HV engineering)

• Cryomech, Inc.  (Cryogenic systems)

• DOE-Golden Office   (Program support)

• Southern California Edison (SCE)  (SPI host utility)
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Outline of Talk

• Fault Current Limiter (Controller) Overview

• Approach of Restoration Program

• HV Bus Redesign

• Verification of Control System and Power
Electronics Operations

• Cryogenic and Vacuum System

• Single-phase LANL Substation Tests

• Performance/Results/Plans
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Fault Current Limiter (FCL) Overview
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• FCL puts additional impedance in line only during fault
(additional impedance limits the current)

• FCL could be an extremely useful network component

• No such device presently exists
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Bridge-Type FCL
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•  More versatile than competing concepts
•  Power electronics used for voltage blocking/current limiting
•  Bias Power Supply not required
•  Compares peak current to DC current
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Features of the Bridge-Type FCL

• Steady-state fault current continuously adjustable from zero

to peak value -  Fault Current Controller, FCC

•  Limits first half cycle of short circuit current

•  Can operate as a solid-state breaker in less than a cycle

•  Automatically returns to rated operation after fault ceases

•  Suitable for multiple reclosures

•  Suitable for high power operation

      (Prototype device is rated 15 kV/26 MVA)
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FCC Located at Los Alamos Next to
the Substation

LANL substationControl room
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Approach to FCC Restoration

• Analysis of 7/99 SCE test results -

    HTS coils not in circuit during tests

• LANL & DOE agree on cost of FCC restoration (phased
approach)

• LANL evaluate extent of damage
– transport FCC trailer to LANL

– remove FCC vessels (10/2000) for inspection

– discovered flashover inside two vessels, outside of third

– need redesign of HV bus

• Perform single-phase testing at LANL substation
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HV Bus Redesign

AlN

HV bushing
Cold head

To coil lead



Superconductivity for Electric Systems Program Review  � July 17-19, 2002 – Washington DC 16

• More-obvious causes of voltage flashover
– Field enhancement by sharp corners

– Presence of dirt particles

• Less-obvious causes of voltage flashover
– Voltage doubling by resonance

– Local gas cloud from ice evaporation

– MLI evaporation from arcing

– Reduction of breakdown voltage by magnetic field

Potential Causes of Voltage Breakdown
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New HV Bus Design

Finite element 
electrostatics analysis

Solid modeling

Prototype fabrication and testing
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HV Breakdown - Next Weakest Link - AlN

0 V         cold head

30 kV   Cu

old design (upside down)

Region of
interest

0 V

30 kV
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Aluminum nitride (AlN) - electrical isolation, thermal conduction

AlN

triple junction

high field !!
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Texas Tech Measures Voltage Breakdown
on Aluminum Nitride, AlN
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Results to be published in IEEE 2002 International Power Modulator Conference
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Installed HV Bus Adequate for LANL
Substation Testing

• Fabricate prototypes

• Testing protocol
– hipot in air, room temperature

– thermal cycle to LN2 temperature several times

– visually exam

– hipot in air, room temperature

– hipot in vacuum, room temperature

– hipot in vacuum, temperature gradient (300 K - 40 K)

• Final design selection
– fab, hipot, install, hipot without AlN (300 K: air and vacuum)

– install AlN, hipot (300 K: air, vacuum; 40 K vacuum)

• Reconnect HTS coil to bus
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Installed HV Bus Hipot Tested to 15 kV

cold head

aluminum
nitride

HTS lead

HV bus
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Verification of Control System and
Power Electronics Operations

• Power electronics had not been fully tested before

• Demonstrate:
– bias power supply not needed

– response to load changes, short circuit, current limiting

• Done in parallel with HV bus redesign

• Use copper coil to simulate HTS coil

• Perform single-phase tests at LANL 13.7 kV substation

• All tests were successful !!
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Cryogenics and Vacuum System
Preparations

•  fan mounts adjusted
•  6” vacuum port added
•  both systems operated
flawlessly
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Single-phase Substation Tests of FCC
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•  Voltage withstand 
•  Load tests  

:  1 MW
:  1 MW to 3 MW to 1 MW

•  Short circuit tests (current limiting)

substation purchased equipment
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Load Step Test

•  FCC not affected by load changes
•  Coil current: responds to change in load; is mainly DC
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Fault Current Limiting Tests

•  FCC responds within a few cycles
•  Fault current can be controlled from 0 to full current
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Test Results Summary

• Successfully demonstrated:
–   vacuum system

–   cryogenic system (magnet cooled to 28 K)

–   control system/FCC
• no bias power supply

• voltage withstand

• steady load

• load steps

• fault current control (phase delay angle)

• solid state breaker
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Results Will Be Published

to be presented/published in Applied Superconductivity Conference:

to be presented/published in IEEE Power Engineering:

Texas Tech University article on the high voltage testing of the aluminum nitride 
to be published in IEEE 2002 International Power Modulator Conference
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HV Bus Development Capability

• FE electrostatics analysis

• CAD solid modeling

• Prototype fabrication

• Prototype testing
– hipot room temp and air

– thermal cycling

– hipot in vacuum

– hipot in vacuum and low temperature

– HV testing with 10 kV, 1.6 MJ flexible
capacitor bank

– testing in LANL 13.7 kV substation

HV bus to cold head interface is common 
to many superconducting devices
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FY02 Performance

• Complete design, fabrication, and test of new HV bus

• Demonstrate enhancements of cryogenic and vacuum systems

• Verify power electronics system performance in LANL substation

• Evaluate HTS coil performance in capacitor bank tests*

• Perform single-phase and three-phase* substation tests of FCC

Comparison with plans from FY01 Peer Review presentation

* 2nd quarter program agreement with DOE did not support
cost and schedule for capacitor bank testing nor 3-φ testing

All plans, as agreed to with DOE, completed !!
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FY02 Results

• New HV bus designed/analyzed, fabricated, tested, and integrated
into FCC vessel

• Voltage breakdown testing of AlN performed (Texas Tech
University), mitigation methods suggested and evaluated

• Installed HV bus performs successfully in LANL substation tests

• Cryogenics and vacuum systems
– revived and made operational

– 6” port with gate valve and 350 L/s turbo pump added to vacuum
vessel

– compressor fan mounts repaired

– RGA data taken w/o charcoal adsorber

continued on next slide
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FY02 Results - cont.

• All components (resistors, inductors, switches, cabling)
for single-phase substation testing of FCC in LANL
substation were specified, ordered, assembled, and tested

• Control system and power electronics operations verified
with copper coil test in LANL substation

• Performed single-phase testing of FCC in LANL
substation demonstrating response to load changes,
faults, and controllability of fault current

• All tests successful !!

continued from previous slide
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FY03 Plans

Tasks Leading to 
Full 3-φ Testing at Utility Test Substation

Estimated cost $800 k - not presently funded

• Jul   ‘02 - Dec ‘02  Modify cold head/AlN Interface

• Dec ‘02 - Mar ‘03 Modify Remaining Two FCC Vessels
• Mar ‘02 - Apr ‘03 Test 3-φ FCC at LANL Substation

• May ‘03 - Jun ‘03 Test 3-φ FCC at Utility Test Substation

Followed by:  Reliability and Component Testing at LANL substation


